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Sleep is assumed to 'help to heal' and, indeed, several lines of evidence support a 3 bidirectional connection between sleep and the immune system (Besedovsky et al., 2019; 4 Toth, 1995) . Microbial inoculation increases the amount and intensity of sleep and, 5 specifically, of non-rapid eye movement sleep (Baracchi et al., 2011; Toth, 1995) . At the 6 same time, such studies also suggest that non-rapid eye movement sleep is beneficial for 7 the recovery from infection in particular following bacterial challenges (Opp and Toth, 8 2003) . In keeping with such a notion, sleep has a regulatory effect on the host defense 9 system, as it impacts numbers, function and tissue distribution of white blood cells (WBCs) 10 ( Besedovsky et al., 2019; Bryant et al., 2004) . Accordingly, in prospective analyses of 11 healthy subjects, sleep duration was found to be associated with reduced pneumonia 12 incidence (Patel et al., 2012) . In the case of bacterial infection, innate immune cells, , 2015) . In healthy humans, sleep acutely decreases blood numbers of monocytes and 18 PMNs, but increases their capacity to produce reactive oxygen species (ROS) and pro-19 inflammatory cytokines following stimulation with bacterial components (Born et al., 1997; 20 Christoffersson et al., 2014; Dimitrov et al., 2015) . To our knowledge, only one animal 21 study has so far assessed the acute effect of sleep versus sleep deprivation on anti-22 bacterial innate immunity. In that study rabbits were intravenously infected with 23 Escherichia coli before or after 4 h of sleep or sleep deprivation. As expected, non-rapid 24 eye movement sleep increased in response to sleep deprivation and/or E. coli, yet disease 5 1 severity in terms of fever and WBC or blood PMN counts remained unchanged (Toth et 2 al., 1995) . In addition to these experiments employing acute sleep manipulations, longer 3 durations of sleep restriction or sleep deprivation quite consistently increase blood 4 monocytes and PMNs in humans, mice and rats (e.g., (Everson et al., 2008; Guariniello 5 et al., 2011; Lasselin et al., 2015; Zager et al., 2012) ) and impair anti-bacterial host 6 defense in mice and rats (Everson and Toth, 2000; Friese et al., 2009) . 7 Although these studies in sum gave insights into supportive effects of sleep on 8 innate immunity, none combined the analyses of phagocyte numbers, tissue distribution, 9 and their functions upon bacterial infection. Thus, it remains unclear how regular sleep 10 promotes host defense against bacterial infections and whether such an immuno-11 supportive function could stem from acute effects of sleep on innate immunity. 12 In the current study in mice, we therefore analyzed acute effects of sleep on innate 13 immune phagocytes and hypothesized that any effect of sleep on this first line of host 14 defense would consequently also influence the overall course of a bacterial infection. We 15 subjected mice to 6 h of sleep or wakefulness during the first half of their regular rest 16 phase and then measured numbers and function of classical (Ly6C hi CD11b + CD115 + ) 17 monocytes (Ginhoux and Jung, 2014) for 3 min at room temperature.
22
Bone marrow (BM) cells were harvested from femurs and tibias by flushing the 23 bones with PBS. Fibrous material was removed by filtration through a 40 µm cell strainer 9 1 and erythrocytes were lysed with lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 2 mM 2 NaEDTA) for 3 min at room temperature.
3 Isolation of lung cells was performed using the lung dissociation kit together with 4 the gentle MACS dissociator according to the manufacturer's protocol (Miltenyi Biotech).
5
The number of cells was determined either by trypan blue exclusion using a Neubauer 6 cell counting chamber or by flow cytometry. Samples were acquired for 6 to 14-colour analysis using a Canto-II or LSRFortessa flow 4 cytometer with DIVA software (BD Biosciences) and further analyzed using FlowJo 10 5 software (TreeStar Inc). A total of 500,000-2,000,000 cells were acquired. antibodies for 20 min at 4°C. Thereafter, cells were incubated with 7-AAD (Biomol) for 10 12 min at 4°C to exclude dead cells. Ly6C hi CD11b + 7-AADcells were then sorted on a FACS 5 min for enzyme activation followed by 50 cycles of 95°C for 10 sec and 60°C for 1 min.
20
The relative expression level of mRNAs was calculated using the comparative cycle PMNs, WT mice were allowed to sleep for 6 h ('sleep' mice) and compared to mice that 1A;C). Consequently, blood numbers of classical monocytes and PMNs from 'sleep' mice 17 were 5.3-fold and 1.5-fold higher, respectively, compared to those of 'awake' mice (Fig. 18 1B and C). Similar results were obtained for the spleen with a 1.2-fold increase in the 19 splenocyte numbers (Fig. S2B ) and a 2-fold increase in monocyte frequencies and 20 numbers in 'sleep' compared to 'awake' mice ( Fig. 1D ). There was no difference observed 21 in splenic PMN frequencies, whereas their total number was 1.5-fold higher in 'sleep' 22 compared to 'awake' mice ( Fig. 1E ). Thus, sleep influences the number of monocytes in 23 blood and spleen. Moreover, this result shows that, in line with previous findings (Rolls et al., 2015) , gentle 10 handling for 6 h does not evoke marked stress effects in mice.
11
Next, we ruled out changes in cell death (Everson et al., 2014) , as the frequency of 7AAD + 12 and Annexin V + monocytes in these compartments was similar in both groups of mice, 13 corresponding to an increased number of dead 7AAD + Annexin V + monocytes in 'sleep' 14 compared to 'awake' mice ( Fig. 2A) . Third, the sleep-induced higher monocyte counts 15 might stem from changes in myelopoiesis or the release of monocytes from the BM.
16
However, comparable frequencies and numbers of monocytes and monocyte progenitors 17 (cMops) (Hettinger et al., 2013) were detected in BM of 'sleep' and 'awake' mice ( Fig. 2B 18 and C, for gating strategy, see Fig. S1 ).
19
Sleep could also impact the migration of monocytes from the circulation to peripheral 20 organs like LNs, the lung or the intestine. However, this is not the case because the whereas the number of WBCs and monocytes were even reduced over this time period in 14 'awake' mice ( Figure 2H ). Thus, sleep is a prerequisite for the circadian rhythm-regulated 15 increase of leukocytes/monocytes in the circulation.
16
Furthermore, to examine whether the effect of sleep on monocyte numbers is also evident 17 in 'awake' mice upon recovery sleep, mice were allowed to sleep for 24 h after 6 h of 18 gentle handling and compared to mice without sleep manipulation. All mice were sacrificed 19 at 1:30 pm. The frequencies and numbers of blood monocytes in mice, which were kept 20 awake for 6 h and then left undisturbed for 24 h, were significantly increased compared to 21 'awake,' but also to 'sleep' mice ( Fig. 2I) . These results show that recovery sleep can 22 normalize or even boost the regular monocyte increase in blood monocytes. demonstrating that inhibition of G i PCRs in general increases the dwelling time of WBCs 2 in the blood. Upon PTx treatment, the monocyte frequency in 'sleep' compared to 'awake' 3 mice was increased only by 1.7-fold, which is a 50% reduction compared to non-treated 4 animals ( Figure 3A) . Similar results were observed for monocyte numbers with a 2-fold 5 increase in PTx-treated, but a 4-fold increase in vehicle-treated 'sleep' compared to 6 'awake' mice ( Figure 3A) . A general increase of WBC numbers upon PTx treatment was 7 observed ( Figure S5A ). These data indicate that the chemokine-chemokine receptor axis 
11
CCR2 is a G i PCR that is highly expressed on classical Ly6C hi monocytes. It is of utmost 12 importance for monocyte intravasation from the BM and extravasation to various tissues 13 and also for their rhythmic trafficking (Nguyen et al., 2013) . Therefore, we analyzed the 14 effects of sleep on blood monocytes in CCR2 -/mice. These mice generally have a lower 15 number of blood Ly6C hi monocytes as they reside in the BM (Fig. 3B) , which is consistent 16 with published reports (Tsou et al., 2007) . The difference in frequency of monocytes 17 between "sleep" and "awake" conditions was significantly lower and therefore not 18 significant in CCR2-deficient mice compared to WT mice ( Fig. 3B left panel) . In contrast, 19 the monocyte numbers of "awake" mice were still significantly reduced compared to 20 "sleep" mice ( Fig. 3B right panel) . Since sleep results in 2.6 times more WBCs in CCR2-21 deficient mice, but only 1.6 times more WBC in WT mice (Fig. S5C) , this could be a 22 possible explanation for the statistical differences observed in the frequencies and 23 numbers of monocytes in CCR2-deficient mice. These data show that the sleep-induced 24 increase in blood Ly6C hi monocytes is partially dependent on CCR2 signaling.
1
We next tested the importance of the ICAM-1-LFA-1 axis in the sleep-induced trafficking 2 of Ly6C hi monocytes using either a blocking anti-LFA-1 antibody that was administered 3 one day before and just before 6h of gentle handling or using ICAM null mice. The frequency 4 and numbers of blood Ly6C hi monocytes in 'awake' mice was similar upon treatment with 5 the LFA-1 antibody and the corresponding isotype control antibody and 3-fold less than 6 those of 'sleep' mice ( Fig. 3C) . Moreover, ICAM null mice revealed similar results than 7 ICAM +/+ littermates regarding the frequency and numbers of blood Ly6C hi monocytes upon 8 sleep and wakefulness, respectively (Fig. 3D) . In contrast, the frequencies and numbers 9 of PMNs were increased upon wakefulness in anti-LFA-1-treated mice compared to the 10 isotype control mice and in ICAM null mice or compared to the sleep group ( Fig. S5D-E) .
11
These data show that the ICAM-1-LFA-1 axis mediates binding of PMNs to the 12 endothelium upon wakefulness but is dispensable for monocyte adhesion. monocyte frequencies and numbers were increased by 2 to 4-fold in 'sleep' compared to 17 'awake' control Arntl +/+ mice (Fig. 3E ). This sleep effect was completely abrogated in Arntl -18 /mice (Fig. 3E) , clearly demonstrating the role of clock genes in sleep-induced changes 19 in blood Ly6C hi monocytes. No changes were observed for PMNs in 'sleep' compared to 20 'awake' control Arntl +/+ or Arntl -/mice (Fig. S5F ).
21
To address whether sleep regulates clock genes, we investigated the Arntl expression in 22 sorted monocytes from the spleen of 'sleep' and 'awake' mice. As shown in Fig. 3F , Arntl 23 expression in monocytes from 'sleep' mice is significantly less than in that of 'awake' mice.
24
More precise, Arntl expression decreases from ZT0 to ZT6 in splenic monocytes from 21 1 'sleep' mice, which is associated with an increase in splenic monocytes (see Fig. 2H with 2 the comparison ZT0 and ZT6), whereas Arntl expression increases from ZT0 to ZT6 in 3 splenic monocytes from 'awake' mice which is correlated with lower numbers (Fig. 3F) . 4 We conclude that the lack of a functional clock in Arntl mutants prevents these mice from 5 sleep-induced monocyte migration to the periphery, suggesting that sleep regulates clock 6 genes and the circadian system and thereby the rhythmic migration of monocytes. mice was 2-fold lower than that of 'awake' mice ( Fig 4B) . A similar effect was observed 21 one day post infection in the spleen (Fig. 4C ). Three days post infection the number of Ye 22 colony forming units in spleen of 'sleep' mice was already 3.8-fold lower than that of 23 'awake' mice ( Fig. 4D ). This was accompanied by a more pronounced splenomegaly ( Fig.   23 1 4E) and a more rapid mortality (Fig. 4F) in 'awake' compared to 'sleep' mice after Ye 2 infection.
3
In summary, the combined enhancing effects of 6 h sleep on monocyte numbers 4 and on antimicrobial activity of phagocytes seem to acutely boost innate immune defense 5 against systemic bacterial infection and thus benefit survival. indicating major species differences in circadian immune regulation.
17
The acute rise in blood monocytes during 6 h of sleep in our study was not caused 18 by increased cell death in 'awake' mice as it was the case for long term sleep deprivation 19 (Everson et al., 2014) . We even found the opposite meaning less dead monocytes in 20 'awake' mice compared to 'sleep' mice ( Figure 2A) , which we cannot explain. Possibly 21 this is due to circadian regulation of cell death which was shown to be increased in cells 22 upon silencing of clock genes (Wang et al., 2015) . Moreover, sleep did not impact 23 monopoiesis ( Figure 2C ), monocyte content in the bone marrow ( Figure 2B ) or the 24 emigration of monocytes to peripheral tissues ( Figure 2D and Figure S4 ) . Lastly, we ruled 27 1 out that sleep loss affects the differentiation of monocytes into their progeny, as 2 macrophage numbers were comparable in the lung of 'sleep' and 'awake' mice ( Figure   3 2F-G). We observed an increase in the frequency, but not in numbers, of tissue resident 4 macrophages of 'awake' compared to 'sleep' mice. In fact, tissue macrophages can 5 proliferate (Garbi and Lambrecht, 2017; Schyns et al., 2019) which could possibly explain 6 the observed difference of tissue macrophages in sleep and awake mice. mice, which is associated with an increase in splenic monocytes (see Figure 2H with the 19 comparison 7:30 a.m. (ZT0) and 1:30 p.m. (ZT6)). In contrast, Arntl expression increases 20 in the splenic monocytes of 'awake' mice and their number is lower (see Figure 3F ). This 21 suggests that sleep regulates the clock genes. Our data with Arntl-deficient mice ( Figure   22 3E), which show that the number of blood monocytes does not change compared to ZT0 23 (see also Figure 2H ), i.e. the number of monocytes neither increases as it is the case with 24 'sleep' mice, nor is it reduced as it is the case with 'awake' mice, fit to this. We conclude 28 1 that the lack of a functional clock in Arntl mutants prevents these mice from sleep-induced 2 monocyte migration to the periphery, suggesting a role of the circadian system in monocyte numbers seem to be, at least partially, dependent on GiPCRs and in particular 12 CCR2 that is essential for monocyte trafficking (Kehrl, 1998) . Foundation CRC654 TPC7 to S.E.A. and TPC6 to T.L. and OS353/7-1 (H.O.). 10 1
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